Glenn Research Center

Combined Single Axis Attitude Control and
Energy Storage Demonstration and NASA GRC

Ralph Jansen, Peter Kascak — Univ. of Toledo
Barbara Kenny — NASA GRC

August 7, 2003

August7, 2003 ﬂ 10l JL[j‘O ﬁ\‘j@# To RAY 2003 Aerospace Flywheel Workshop - 1



Outline of Presentation

Glenn Research Center

 GRC in-house flywheel technology development and facilities
(Ralph Jansen)

» Single axis and energy storage control (Peter Kascak)
» Derivation of theory
« Simulation results
« Experimental results

» Future Work (Ralph Jansen)
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@ GRC Flywheel Hardware Buildup

Glenn Research Center
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GRC Motor Control Algorithm Development
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Flywheel Modules

Glenn Research Center

« D1 Flywheel Module )

August 7, 2003

Rotor
* 330 Whr - Toray 4 ring rim
* Monolithic steel hub
Motor/Generator
« 1kW, 80V I-l, 2 pole Ashman Technology
Magnetic Bearing
* 4 pole homopolar radial
* 4 pole hompolar/2 axial pole combo
* Eddy current sensors
Touchdown Bearing
« Combo/radial design allows axial growth
Housing
« Vacuum

THE UsVEREITY OF

TOLEDO

High Speed Shaft

Rotor
* 17 Whr —no rim
* Monolithic steel hub
Motor/Generator
« 3kW, 220V I-l, 4 pole Ashman Technology
Magnetic Bearing
* 4 pole homopolar radial
» 4 pole hompolar/2 axial pole combo
« Eddy current sensors
Touchdown Bearing
* Redesigned for higher load
Housing
 Vacuum
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@ Power and Control Electronics

Glenn Research Center

* Motor / Generator Power Magnetic Bearing Power

« Six switch FET inverter — APT « 2 state PWM bridge

« 65 kHz switching frequency « 30 kHz switching frequency
« GRC PWM board « DC bus filter

« DC bus filter « AC output filter

« AC output filter
 Motor / Generator Control

Magnetic Bearing Control

« dSpace control hardware « dSpace control hardware
* GRC algorithms * GRC algorithms
« Current feedback « Eddy current position sensor feedback

Frequency Spectrum near Fundamental at 1500 rpm

R T

- ﬁiiu.rnmﬁ“"‘

. l—.—_u—. T T T

HE LNIVEE!

August 7, 2003 ’] 0L, E[)()

2003 Aerospace Flywheel Workshop - 7



@ Dual Flywheel Test Facility (HEFF)

Glenn Research Center .
Electronics
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Single Axis Attitude Control and Energy

Storage Demonstration
« Theoretical derivations
» Electrical (power and DC bus regulation)
* Mechanical (attitude control)
« Experimental results
* Open loop torque control
» Closed loop position control
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Control Configuration
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Rev 061202 Controller Hardware
1
1
" |
Vd?orVdc Igsr1 |
Idc P Torque
—P| wr1 1 > e Theta_table
[Tt Torque* H< ro"rzue lgsr*2 ! P Torque2
I 0 { P| Theta* q a I .
Theta* Attitude Regulator nertia&DC Bus cooridinator P lgsr*1 Va —l-———b Va Ialztéj1 @ Disturbance_torque W_table El
) labc Vo ——— W Wr (rad/s) 1DOF Platform Plant Model
—»] rotor theta (rad) Ve ————Ff————»|{Vc  rotor thetal (rad)
w Igsr1 -)@ ——Pp Vdc Torquet
Current Regulator 1 FM Plant Model 1 (D1)
PIVde  yycorvder
P Idcmeasured Iftywheels
labc2
130 Vde* N Vde
Vo . oharge® 196 L—p]igsr2 Va P Vva Ide2 fywheels ) ispacecratt
i DC Bus Regul jabe v < Wi2 (rads) DCbus Voltage
us Regulator ; \r;\;/tortheta (rad) I Vc1: : z: rotor theta2 (rad) Plant Model
Icharge* ast -’@ »|vee Torque2
Current Regulator 2 FM Plant Model 2 (HSS)

P Vdc
135 I Vdc*  Ipowsuply {
Voo ; 1 limit
l Power Supply Plant Model
0 Ispacecraft
Currentlim

Load Plant Model

-] e o ————— e b ] [ e o ] — e | ——

THl umrvi STy OF = i,}""" ’ l
August 7, 2003 1{ }I J[[ ){} \‘ e To RAY 2003 Aerospace Flywheel Workshop - 10



) PMAD1 Inverter a'nd
Source Controls1
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Flywheel System 1

Required Power System L{: R E
! lcz I, ce :
Modes of Operation G T | e = :

Flywheel System 2

Leececccccccoccnccncncncncncncccacaanaas
Mode Current DC Bus Voltage
Full Sun Io/a = Tjoad + Iﬂéharge Regulated by solar
CCCI,B 99 t
B Iflywheel = Izharge arrey Sysit
Partial Sun Toad + I"(‘:harge >Ig/q >0 Regulated by
“Charge * flywheel system
I >1
Reduction” charge ~ Hlywheel
Eclipse lload = - Iftywheel Regulated by
“Discharge” Ifywheel <0 flywheel system

THl umrvi STy OF = i,}""" ’ l
August 7, 2003 ﬂ']{ }I J[[ ){} \‘ i’ - To RAY 2003 Aerospace Flywheel Workshop - 12



Power System Control

Glenn Research Center

» Achieved through control of motor currents
« Based on power balance

« Steady state assumption * Iﬂywheel, m IS the DC S_ide
. Neg|ects inverter losses Current aSSOC|ated Wlth the mth
« AC power = DC power flywheel.

‘0, , is the m™ flywheel speed.

3w A “Lat m 1S the back emf constant

af,m o7 th
1 Mywheel.m = N L ogm of the m'" flywheel.
DC

V.. is the DC bus voltage.

oif IS the motor control

qs,m

current for the m™ flywheel.
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Motor Torque Control

Glenn Research Center

» Also achieved through control of motor current.

« Based on field orientation
« Motor torque is proportional to motor control current:
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Mechanical Schematic

Glenn Research Center

| |

Flywheel 1 | Cables

|
' Flywheel 2

Air Table
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Free Body Dia

Glenn Research Center

Flywheel 1

Oo °

FM 1 Properties
mr1 : rotor mass
J1 : rotor inertia
ms1: stator mass '
Js1: stator inertia

gram

«_ Flywheel 2

e, 7
L7 X
> Q ————>>
0
x1 X2
Base Properties
mb : plate mass
Jb : plate inertia ]
Air Table
PR ¥/ r4
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FM 2 Properties
mr2 : rotor mass
J2 : rotor inertia
ms2: stator mass
Js2: stator inertia

Avionics Properties
ma : avionics mass
Ja : avionics inertia
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Equations of Motion

JH..O 690 kHO:ZT
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Control Solution

Glenn Research Center

o b]ﬂywheel T dT]')
cb—da

Motor 1 control current: lqsl

3%
Motor 2 control current: r Tp T aqul

gs2 —b

T, is the desired table torque

» Either determined from a closed loop position controller or commanded in
open loop fashion

liywhee! 1S the commanded charging current in charge mode and the load
current during discharge mode.
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Glenn Research Center

I I
sla flywheel
_Sa,  fwheg

I .
fIywhejH inv1 :
» Ia1

Experimental Results X ¢ é

* Open loop torque control
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@ Test 1: Charge to discharge mode with a
..... constant torque command
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@ Test 2: Char

e mode with a step change in

Glenn Research Center %O rq u e CO m m a n d
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Current (A)

Motor Current (&)
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D1 and HSS currents for Test 2

| torque step
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@ Test 3: Discharge mode with a step change in

Glenn Research Center
3

25

—
LE R 5

1 torque slqp\
lload

RS T S

0
_y ywheel

Isfa
-1.5

Current (A)

=]
th

% 4 3 2 4 0 1 2 3 4 5
Time, (s)

DC Currents

130

125

torque s‘\p

Vaoltage (V)

3 4 & 2 4 .0 1 2 3 4
Time, (s)

DC bus voltage

—

a\___
e =
; >

THE UsVEREITY OF .f"'li'- -
Jroiipo IV

W b

August 7, 2003

10000
9500
9000
8500
8000
7500
7000
6500
6000
5500
5000

speed (KFM)

5

torque command

D1

/ HES

torque step

4 -3 2 41 0 1 2 3 4 5
Time, (s)

Flywheel speeds

torque StK' i alidiphei b ___.._._l

Torque (M m)
@ m s o ke BB =

“TORAY”

3 2 1 0 1 2 3 4 5
Time, (s)

Table torque

2003 Aerospace Flywheel Workshop - 24



@ Additional Test 3 results
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Initial Closed Position Loop Results

Glenn Research Center

» Closed loop position control-- encoder on air table for position
feedback.

« Table torque command provided by PID regulation on table
angle (position).
« Control and power cables add a spring constant to the system.

Power Commanded Load
Regulation Values
Mode

Charge — I charge = 1.4 @ 300 O
Discharge V.= 120v
0,=-.1°t0 +.1°
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Closed Position Loop Results

Glenn Research Center
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Q1 -
G2 Flywheel
Module Assembly Q2-
550 W-hr G2 to
TkW 60,000 RPM
60,000 RPM
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G3-flywheel module which

GRC Future Work

Q4
G3 CDR design

meets the near term
performance metrics of
the AFTP program

System Metrics:

25 Whr/kg, 85% round trip eff,

15 years LEO

9/2004

1)
2)

'3)
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Q3

M/G & MB electronics

upgrade
Move to airtable
Incorporate
lessons learned
Build G2 avionics

Q4
Single
Lﬂywheel 2 Axis IPACS

With D1&G2

full speed and
power levels

Air Table
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Conclusions

Glenn Research Center

 GRC has experimentally demonstrated a single-axis integrated
attitude control and energy storage system.

« Simultaneous power bus regulation and attitude control was
demonstrated in charge and discharge modes with load, source,
and torque command steps.
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